Abstract: A number of cardiac fluoroscopic interventions have increased rapidly worldwide over the past decade. Percutaneous transluminal coronary angioplasty (PTCA) and stent implantation have become increasingly popular, and these advancements have allowed patients to receive repetitive treatments for restenosis. However, these advancements also significantly increase radiation exposure that may lead to higher cumulative doses of radiation. In the present study, a nationwide population-based case-controlled study was used to explore the risk of leukemia after cardiac angiographic fluoroscopic intervention.
INTRODUCTION

I
t has been well established that radiation increases the risk of cancer, based historically on survivors of atomic bombs and nuclear accidents. 1 Leukemia, thyroid cancer, and breast cancer are the types most associated with nuclear/radiation exposure. Malignancies arising from iatrogenic radiation sources have been documented following various types of exposure, including radiation therapy for cancer or benign disease. Squamous cell carcinoma, basal cell carcinoma, breast cancer, and sarcoma are the most common types. 2, 3 In addition to radiotherapy, it has been reported that 0.9% of cancers in the USA (2004) may be caused by diagnostic x-rays, including plain films and computerized tomography (CT) scans. 4 Cardiac fluoroscopic interventions, including percutaneous transluminal coronary angioplasty (PTCA) and electrophysiologic studies (EPS), utilizing low-energy x-ray can exert higher doses of radiation than most other x-ray examinations. Therefore, a cardiac fluoroscopy intervention with its associated radiation exposure might pose a higher risk of radiation-induced malignancy. However, the risk of malignancy was considered to be low, because the radiation dose delivered during each single procedure of cardiac catheter intervention was typically low and the net benefits for current heart disease outweighed possible risks of malignancy in the future.
PTCA has increased rapidly worldwide in the past 10 years. According to the registry, PTCA has been performed >1 million times annually in the USA 5 and an estimated 35,000 times in Taiwan. Furthermore, these advancements allow patients to receive repetitive treatments for restenosis; however, inevitably the radiation exposure increases significantly and may lead to higher life-long cumulative dose of radiation. An increasing number of cases have emerged with cardiac fluoroscopy-induced radiation skin ulcers, the more severe form of skin damage associated with high doses of radiation (>15 Gy). 6 This type of patient is no longer rare in the daily practice. Taken together, patients today who received PTCA have been exposed to an increased radiation dose compared with those patients treated over a decade ago.
Since the use of cardiac angiographic fluoroscopic interventions in medicine is widespread and appears to be increasing, there is a compelling need for additional data to quantify the long-term health effects of the diagnostic and therapeutic uses of radiation. However, there is a paucity of research regarding the relationship between radiation exposure from cardiac fluoroscopic procedures and the risk of cancer. There is currently a lack of definitive data and regulations about safe radiation thresholds of cumulative radiation exposure over a lifetime. 7, 8 In the present study, a nationwide population-based case-control study was used to explore the risk of leukemia postcardiac angiographic fluoroscopic intervention.
MATERIALS AND METHODS
Ethics Statement
All study protocols and procedures were approved by the Buddhist Dallin Tzu Chi Hospital Institutional Review Boards (Approval number B10402021). The IRB exempted requirement for written informed consent as this was a deidentified and encrypted database.
Databases
Patients were drawn from the National Health Insurance Research Database (NHIRD), one of the largest and most comprehensive databases in the world, which was released for research purposes by the National Health Research Institutes (NHRI), Taiwan. 9, 10 The NHIRD provides all medical claims for $99% of Taiwanese people. 11 In order to ensure accuracy of the claims, NHIRD performs quarterly expert reviews on a sample taken from every 50 to 100 ambulatory and inpatient claims. 12 False diagnostic reports yield severe penalties from NHIRD. 13 Several studies have proved data accuracy of NHIRD. 14 
Study Groups
This was a population-based case-control study. First, leukemia patients were identified using the International Classification of Disease, Ninth Revision, Clinical Modification (ICD-9-CM) code (Code 202. 4 According to Facts 2014-2015 From the Leukemia and Lymphoma Society, age and sex are significantly associated with the incidence of leukemia and the incidence rates for all types of leukemia are higher among men than women. 15 We used a propensity score to balance groups before all analyses because of an initial significant between-group difference in age and gender. With a match ratio of 1:20, 5026 leukemia patients and 100,520 controls were eligible for study inclusion.
Measurements of Endpoints and Covariates
To evaluate the association between the cardiac angiographic fluoroscopic intervention and leukemia, the data, including PTCA (ICD-9-CM procedure code 36. , and cardiac electrophysiological study (EPS) (ICD-9-CM procedure code 37.26, 37.27, 37.34), were collected. The number of PTCA, coronary angiography only without PTCA, and cardiac EPS were recorded, and the time between 1st PTCA/1st coronary angiography/1st cardiac EPS to the last day of observation were calculated.
The observation period for both groups was determined to begin January 1, 2000. The end of observation was defined as the last day before a leukemia diagnosis was made. The observation period of persons in the control group was the same as their corresponding leukemia patient after matching.
The potential risk factors of leukemia included gender, age, previous cancer treatment, exposure to certain chemicals, and life style such as smoking. People who had any cancer history other than leukemia were excluded from our study. Adjusted independent variables included age, gender, and comorbidities. Persons who had previous certain chemicals exposure history were very few in general population and could be omitted in this large-scale population-based study. Adjusted comorbidities included a number of major life-style-related illnesses, such as hyperlipidemia, diabetes mellitus (DM), hypertension, chronic obstructive pulmonary disease (COPD), coronary artery disease (CAD), and congestive heart failure (CHF). Though our study database has no information about smoking status, COPD, a surrogate variable of chronic smoking behavior, has been adjusted in this study.
Statistical Analysis
For patient characteristics and comorbidities in each group, chi-square and t tests were used to evaluate differences between category and continuous variables. Conditional logistic regression models and estimated odds ratios and their 95% confidence intervals were then used. Crude odds ratios were estimated from simple conditional logistic regression that takes into account the matching variables including age and gender in the analysis. We then adjusted for all the risk factors investigated in the conditional logistic regression model. 
RESULTS
Patient characteristics and comorbidities for each group are shown in Table 1 . Mean patient age was 52.7 years for both groups. In the leukemia group, men accounted for 57% of the newly diagnosed leukemia patients, which was the same proportion reported by the Facts 2014-2015 From the Leukemia and Lymphoma Society.
15 No significant differences between proportions of gender were observed between study groups after matching.
Conditional logistic regression analysis showed an association between percutaneous cardiac fluoroscopic procedures and leukemia (Table 2) . Taken together, PTCA and coronary angiography were significantly associated with leukemia. If analyzed separately, PTCA was significantly associated with leukemia but coronary angiography alone without any PTCA was not significant after adjustment. The association between cardiac EPS and leukemia was not statistically significant.
An elevated risk of leukemia was observed for time from the first time PTCA or first time PTCA/coronary angiography to the last day of observation time in 2 time periods, 23 years and 37 years post 1st procedure (Table 3) . Our results also showed that PTCA and coronary angiography were associated with a higher risk of leukemia.
Gender subgroup analyses (Table 4) showed that men had a higher risk of leukemia than women. The greater number of PTCA and coronary angiography in both men and women, the higher the adjusted odds ratio (OR) of leukemia was observed. Men also showed an elevated risk of leukemia during these 2 latent periods, 23 years and 37 years, whereas women had elevated risk during the period of 23 years.
DISCUSSION
In this study, we have used a national health insurance database to examine the effects of cardiac fluoroscopic intervention on the incidence of leukemia. We demonstrate that cardiac fluoroscopic intervention increases the risk (OR: 1.566) of leukemia. The risk becomes significant within 3 years after receiving the initial cardiac fluoroscopic catheterization procedure. Compatible with the carcinogenic effect of radiation, a stochastic effect (i.e., the higher cumulative radiation exposure) leads to a higher risk of radiation malignancy. Furthermore, the odds ratio of leukemia was increased with an increased number of interventions received in our study. This data reinforces the importance of reducing radiation exposure during procedures and for the arrangement of proper postprocedure follow-up.
Radiation exposure is inevitable when patients receive cardiac catheterization; however, the benefits are believed to outweigh the possible risks of radiation damage. However, the dose of radiation exposure can be reduced without adversely affecting the treatment outcome through the better technique and strict adherence to established safety guidelines. There have been many comprehensive reviews and practicable recommendations regarding how to reduce radiation dose that demonstrate practicality and feasibility. 16 The possibility of cancer risk derived from cardiac fluoroscopic catheterization has been reviewed in the literature. CAD ¼ coronary artery disease, CHF ¼ chronic heart failure, COPD ¼ chronic obstructive pulmonary disease.
Ã Factors were used for propensity-score match to balance study groups. ÃÃ The end of observation period was defined as the last day of the year before a diagnosis of leukemia. The observation period of persons in the control group was the same date as their matched leukemia patient. # All P values were calculated using a t test or chi-square test. However, most studies used the methods of presumptive estimation dose-risk-that is LAR (lifetime attributable risk) to estimate the cancer risk. 7, 17 The cancer risk estimations were based on theoretical conjectures, which were mainly derived from observations of effects of radiation in survivors of the Hiroshima/Nagasaki atomic bomb. [18] [19] [20] These estimates may not fit for patients who received cardiac fluoroscopic procedures who are exposed to pure x-rays with an energy spectrum between 40 kV (kilo-volt) and 120 kV. However, the survivors of an atomic bomb or nuclear plant accident are exposed simultaneously to multiple types of radiation sources (including alpha particles, beta particles, and gamma ray) and absorption of radio-isotopes and x-rays in a wide range of different energy levels (from energy levels from kilo-volts to million-volts) at the same time. Therefore, compared to previous studies, our study results are more applicable in clinical practice.
Based on the database of survivors of atomic bombs, radiation-related malignancies have a latency period before tumors develop. 17, 18 This latency period depends upon the cancer types. Hematologic malignancies are the earliest type of radiation malignancies, as early as 2 to 3 years, whereas an excess of solid tumors is observed after >10 years. The effects of age at exposure and sex and in the temporal pattern of risks are also significant. Our data is consistent with the prevalence of hematologic malignancies in atomic bomb survivors.
The difficulties in studying cardiac fluoroscopy-induced radiation carcinogenesis may be due to the fact that radiationinduced cancers are biologically indistinguishable from other extrinsic and intrinsic cancers. Further, the background radiation is omnipresent and is one of the leading causes of leukemia. As radiation-induced tumors cannot be distinguished from tumors in general, only the epidemiologic studies may be best suited to answer this question. However, the risk of radiation would be masqueraded, whereas there were only a small numbers of subjects with cancers related to low-dose radiation as reported in the literature. 21, 22 Our study was a nationwide population-based study which included all patients with leukemia and all hospitals in Taiwan; therefore, this study had a sufficient number of cases for epidemiologic analysis.
To the best of our knowledge, there have been only 2 largescale studies investigating cancer risk associated with cardiac fluoroscopic intervention. In 2005, Lambe et al 23 reported there was no indication of increased risk of cancer except for a transient excess of lung cancers, following PTCA performed between 1989 and 1998. However, in 2005 the variables associated with these procedures may be much different, as the radiation exposure dose derived from PTCA 10 years ago was significantly less than that it is currently. Radiation dose in each procedure of PTCA in each patient has increased in the last 10 years. 24 Furthermore, repeated cardiac fluoroscopy procedures in a short time, as well as considering the procedure length increases the cumulative dose. Therefore, the risk of cancer could be increasing whereas the total radiation exposure is also increasing. In 2013, Hung and Hwang 25 used a population database to report elevated risk of breast cancer in female cardiovascular patients and lung cancer in both genders after cardiac radiation exposure, but the risk of leukemia was not elevated. However, leukemia is a relatively rare disease, with incidence ranges between 7.3 and 13.9 per 100,000 people for different races, 15 and the absolute number of leukemia cases among the 1-million-population database is small even though the relative risk could be high. Our study design was casecontrolled rather than cohort as previous studies and therefore could find the elevated relative risk of leukemia.
Common risk factors for leukemia and coronary vascular diseases (CVD) may cause statistic bias. Fortunately, none of the major risks of CVD, including diabetes mellitus, obesity, male gender, and hyperlipidemia, are also risk factors for leukemia. Smoking is well known to increase the risk of CVD and cancer, but it does not increase the risk of leukemia. By careful adjustment of basic characters of study and control group, such as age and gender, the bias has been minimized. 15 There are several limitations in our study. First, the radiation exposed dose is not available for calculation in each cardiac fluoroscopic procedure; therefore, the recommendation for a safe limit of radiation exposure for cardiac fluoroscopy procedures cannot be provided. However, our data demonstrated that the risk of leukemia increases with an increasing number of PTCA procedures, suggesting a dose-dependent correlation of radiation dose and risk of leukemia. Second, our study design provided little information about exposure upon the radiation-vulnerable groups, such as children and pregnant women. Because PTCA, indicated for coronary artery disease, had been performed mostly in middle aged to elderly groups, it was unlikely to answer the radiation effect of PTCA upon these vulnerable groups. On the other hand, EPS was performed for patients with a wide age range; but the case numbers of EPS were too small to answer this question based on our data.
CONCLUSIONS
Since the use of cardiac angiographic fluoroscopic intervention in medicine is widespread and appears to be increasing, our study results provide additional data to quantify the longterm health effects of radiation exposure derived from the cardiac fluoroscopic diagnostic and therapeutic intervention. In our study, PTCA alone or PTCA with coronary angiography was associated with an elevated risk of leukemia. Continued follow-up and establishment of cohorts of patients exposed to new or modified diagnostic and treatment protocols may help resolve questions in these emerging areas.
